We present a three-color femtosecond Er/Yb:fiber laser enabling highly specific and standardized nonlinear optical manipulation of live cells. The system simultaneously provides bandwidth-limited 80-fs pulses with identical intensity envelope centered at wavelengths of 515, 775, and 1035 nm in the focus of a confocal microscope. We achieve this goal by combining high-order dispersion control via, for example, chirped fiber Bragg gratings with proper bandwidth management in each nonlinear conversion step. Wavelength-selective and noninterfering induction of deoxyribonucleic acid (DNA) photoproducts and DNA strand breaks, as well as fluorescence photoactivation of a photoactivatable green fluorescent protein (PA-GFP)-histone fusion protein, are demonstrated. The capability to introduce different types of DNA lesions and perform photoswitching experiments in a selective manner is essential for quantitative studies on DNA repair and chromatin dynamics. The ability to repair damaged deoxyribonucleic acid (DNA) is essential for the survival of all living organisms. In eukaryotes, DNA is found in the cell nucleus, organized in a structure termed chromatin. Here, histone proteins provide a scaffold for the folding and compaction of the DNA fiber. Chromatin density is not uniform across the nucleus, and high local fluctuations strongly impact the temporal sequence of events that ultimately result in DNA repair [1] . Of all experimental methods for inducing DNA damage in live cells, only light-mediated localized approaches like (in)coherent microirradiation or heavy particle beam scanning can address this temporal and structural complexity as they enable precise control of the timing and the location of the damage. Typically, the response of the living cell to such localized DNA lesions is visualized by fluorescence live-cell microscopy. The broad availability of advanced optical microscopes has generated a large number of studies on DNA repair using microirradiation with UV emitting gas discharge lamps or CW solid-state lasers [2, 3] . More recently, DNA damage induction with pulsed laser sources from the nanosecond to the femtosecond (fs) range has been demonstrated [4] [5] [6] . Nonlinear processes like low-density plasma formation or multiphoton absorption have been identified here as potential mechanisms for light-matter interaction below the diffraction limit [7] . They are the basis for the three-dimensional confinement of the damage achieved by this type of irradiation. Data about the nature and amount of the base lesions obtained with such lasers systems remain, however, difficult to compare and often contradictory. Information about the irradiation conditions employed and the rationale behind their choice is often incomplete, thus hampering interpretation and repeatability. This situation is particularly relevant in the case of nonlinear excitation with fs laser sources, because the type and strength of light-matter interaction depends on a complex interplay of wavelength, peak intensity, repetition rate, and temporal duration of the pulses [6, 7] . Also the phase spectrum of broadband fs pulses has been shown to strongly influence the excitation of biomolecules [8, 9] . It is thus essential to employ precisely defined and well-characterized nonlinear irradiation parameters, necessitating laser systems with a high level of control and standardization of the emitted pulses. Ultimately, the goal is to provide the life sciences with a versatile yet reliable irradiation source for the reproducible photocontrol of specific molecular events. In the field of DNA repair research this requirement translates into the capability to selectively introduce a desired type of DNA lesion, and, if applicable, perform photoswitching experiments for the study of chromatin dynamics.
We present a three-color femtosecond Er/Yb:fiber laser enabling highly specific and standardized nonlinear optical manipulation of live cells. The system simultaneously provides bandwidth-limited 80-fs pulses with identical intensity envelope centered at wavelengths of 515, 775, and 1035 nm in the focus of a confocal microscope. We achieve this goal by combining high-order dispersion control via, for example, chirped fiber Bragg gratings with proper bandwidth management in each nonlinear conversion step. Wavelength-selective and noninterfering induction of deoxyribonucleic acid (DNA) photoproducts and DNA strand breaks, as well as fluorescence photoactivation of a photoactivatable green fluorescent protein (PA-GFP)-histone fusion protein, are demonstrated. The capability to introduce different types of DNA lesions and perform photoswitching experiments in a selective manner is essential for quantitative studies on DNA repair and chromatin dynamics. The ability to repair damaged deoxyribonucleic acid (DNA) is essential for the survival of all living organisms. In eukaryotes, DNA is found in the cell nucleus, organized in a structure termed chromatin. Here, histone proteins provide a scaffold for the folding and compaction of the DNA fiber. Chromatin density is not uniform across the nucleus, and high local fluctuations strongly impact the temporal sequence of events that ultimately result in DNA repair [1] . Of all experimental methods for inducing DNA damage in live cells, only light-mediated localized approaches like (in)coherent microirradiation or heavy particle beam scanning can address this temporal and structural complexity as they enable precise control of the timing and the location of the damage. Typically, the response of the living cell to such localized DNA lesions is visualized by fluorescence live-cell microscopy. The broad availability of advanced optical microscopes has generated a large number of studies on DNA repair using microirradiation with UV emitting gas discharge lamps or CW solid-state lasers [2, 3] . More recently, DNA damage induction with pulsed laser sources from the nanosecond to the femtosecond (fs) range has been demonstrated [4] [5] [6] . Nonlinear processes like low-density plasma formation or multiphoton absorption have been identified here as potential mechanisms for light-matter interaction below the diffraction limit [7] . They are the basis for the three-dimensional confinement of the damage achieved by this type of irradiation. Data about the nature and amount of the base lesions obtained with such lasers systems remain, however, difficult to compare and often contradictory. Information about the irradiation conditions employed and the rationale behind their choice is often incomplete, thus hampering interpretation and repeatability. This situation is particularly relevant in the case of nonlinear excitation with fs laser sources, because the type and strength of light-matter interaction depends on a complex interplay of wavelength, peak intensity, repetition rate, and temporal duration of the pulses [6, 7] . Also the phase spectrum of broadband fs pulses has been shown to strongly influence the excitation of biomolecules [8, 9] . It is thus essential to employ precisely defined and well-characterized nonlinear irradiation parameters, necessitating laser systems with a high level of control and standardization of the emitted pulses. Ultimately, the goal is to provide the life sciences with a versatile yet reliable irradiation source for the reproducible photocontrol of specific molecular events. In the field of DNA repair research this requirement translates into the capability to selectively introduce a desired type of DNA lesion, and, if applicable, perform photoswitching experiments for the study of chromatin dynamics.
Here, we present a fs fiber laser system which was designed to meet the following criteria: (1) Availability of different wavelengths, each specifically inducing a unique type of photomanipulation at (2) identical repetition rate. The latter feature is absolutely crucial to rule out any influence of temporal duration and spectral phase on the observed effects which may be caused by, for instance, multiphoton intrapulse interference. The choice of wavelengths was guided by previous proof-of principle studies showing that (1) fs laser pulses at λ 1050 nm induced DNA strand breaks [6] , and (2) fs laser pulses at λ 750-780 nm can efficiently photoactivate green fluorescent protein (PA-GFP) via two-photon absorption [10, 11] . Finally, λ 515 nm matches the two-photon absorption maximum of DNA and should thus efficiently generate pyrimidine dimers.
The optical setup consists of a three-color fs laser system and a customized, inverted laser-scanning confocal microscope (Fig. 1) . It is equipped with an additional galvanometric twoaxis scanner, mounted onto the epifluorescence rear port. The laser system is seeded by a fs Er:fiber oscillator (λ c 1550 nm, Toptica Photonics) operating at a repetition rate of 40 MHz. Subsequently, the solitonic output is amplified by a single-pass Er:fiber preamplifier and separated by a fiber-coupled 50∶50 beamsplitter. Each part is then amplified to an average optical power of 380 mW. One branch is used for second-harmonic generation in a 500-μm-long periodically poled lithium niobate crystal (5% MgO doped, poling period Γ 19.4 μm, f 13 mm). Pulse compression in a Si-prism pair ensures maximum peak intensity within the crystal, which is heated to 65°C for optimum quasi-phase matching. The converted laser pulses are centered at a wavelength of λ c 775 nm (ν c 386 THz). An average optical power of 140 mW is achieved, corresponding to a conversion efficiency of 36%. A subsequent SF10 glass prism sequence provides spectral filtering and additional prechirping of these pulses. The imposed spectral phase at an apex distance of 305 mm compensates the pulse propagation through all subsequent dispersive components. Chromatic dispersion data based on white-light interferometry for all transmission elements like telescoping lens pairs, chirped dichroic beam combiners, and relay optics have been taken into account. The contribution of the objective lens (NA 1.4, PlanApo) to the overall pulse dispersion has been considered up to the fourth order. Finally, the spectral phase and temporal duration of the laser pulses has been measured via interferometric frequency resolved optical gating (iFROG) in the focus of the objective lens [12] . A pulse duration of τ p 80 fs (FWHM) underlines the bandwidth-limited pulse duration in the focus of the microscope [Figs. 2(c) and 2(d) ].
The second Er:fiber amplifier branch is coupled into a combination of an undoped single-mode fiber (Corning PM1550, l 85 mm) and a highly nonlinear fiber for supercontinuum generation (Sumitomo PM HN-DSF, l 18 mm). Nonlinear pulse propagation in these fibers has been numerically simulated in order to optimize generation of a suitable dispersive wave and soliton [13] . The dispersive part of the spectrum is frequency shifted to a center wavelength of λ 1040 nm. Precise control of the spectral phase of the pump pulses is provided by a Si prism sequence (apex distance: 128 mm). The strong coherence of the supercontinuum is suitable for efficient seeding of a single-pass Yb:fiber amplifier. An average optical power of 12 mW is contained within the dispersive part of the supercontinuum. This value is sufficient to saturate the Yb-doped single-mode fiber (double-clad Panda, 2.6 dB/m attenuation at λ 980 nm), thus ensuring low noise and long-term stability. The Yb:fiber amplifier consists of two stages. A linear preamplifier provides an average optical power of 40 mW. The bandwidth of the output spectrum amounts to Δν > 25 THz (FWHM). A second main stage operates in a chirped-pulse regime. In combination with a Faraday circulator, a customized and highly dispersive fiber Bragg grating (84 mm long, imprinted in Corning PM980) stretches the incoming pulses to a temporal duration of τ p 140 ps. All fiber components are taken into account up to the fourth order in their dispersive behavior and exhibit a broadband operational window of Δλ > 80 nm at λ 1035 nm. The tailor-cut dispersion parameters of the fiber Bragg grating amount to β 2 4.784 × 10 6 fs 2 , β 3 −2.931 × 10 7 fs 3 , and β 4 2.469 × 10 8 fs 4 . The Faraday circulator is equipped with diameter-enlarged and antireflection coated end caps for an increased damage threshold. Polarization sensitive fused power combiners enable fast-and slow-axis pumping. The dual side pump configuration amplifies the optical pulses to a maximum average optical power of 2000 mW at a center wavelength of λ c 1035 nm [ν c 290 THz, Fig. 2(e) ]. The pulses are subsequently compressed in free space by a pair of broadband volume phase gratings (Wasatch Photonics, 1450 lines/mm, see TG in Fig. 1 ). Fine-tuning of the temporal compression is provided by adjusting the grating spacing (distance: 180 mm). A bandwidthlimited pulse duration of τ p 81 fs was confirmed via iFROG in the focus of the objective lens [Figs. 2(e) and 2(f )]. A variable fraction of this output is coupled out by a polarizing beamsplitter cube and focused into a second periodically poled lithium niobate crystal for second harmonic generation (5% MgO doped, poling period Γ 6.29 μm at 68°C, l 300 μm, f 13 mm). Depending on the coupling ratio, frequency-doubled pulses with P avg > 80 mW are easily achieved. The wavelength is centered at λ c 515 nm [ν c 581 THz, Fig. 2(a) ]. Spectral filtering of unconverted pump light and additional dispersion compensation of subsequent optics is performed by an SF10 glass prism sequence (apex distance: 108 mm). We deduce a bandwidth-limited confocal pulse duration of τ p 81 fs from a second-order intensity autocorrelation with FWHM τ ac 124 fs under the assumption of a sech 2 temporal intensity envelope [ Fig. 2(b) ]. We were limited to this method for the green pulses because the compact spectrometer used for confocal pulse characterization was insensitive in the UV-C spectral range. All three laser branches are collinearly overlaid in two chirped, dichroic beam combiners and sent through a two-axis galvanometric scanner (Rapp OptoElectronic). A scan/tube lens combination is mounted into the epifluorescence rear-port of a confocal laser scanning microscope (Zeiss, LSM700) to relay the back aperture of the objective lens in the center of the two scan axes. The beam diameter is increased by a factor of two by the relay optics and overfills the entrance pupil (greater than 20% at 1∕e 2 diameter). This configuration enables us to apply conventional CW scanning of the sample in parallel with fs laser microirradiation. We conclude that the joint master oscillator as well as closely matched values of τ p 80.5 1 fs ensure the maximum similarity of pulse envelopes in all three branches and allow for a complete parametrization of irradiation parameters. Therefore, the influence of excitation wavelength and peak pulse intensity may be studied independently of pulse duration and repetition rate. The peak pulse intensity is easily adjusted by the means of P avg . Owing to inherently bandwidth-limited pulse durations, multiphoton intrapulse interference effects can be completely suppressed [8, 9] . In addition, parallel availability of all three central wavelengths enables simultaneous operation of different photomanipulation protocols in a biological sample.
We tested our setup for its suitability for DNA repair research by analyzing at each λ c the induction of two major types of DNA lesions: strand breaks and UV photoproducts. In addition, we investigated the photoactivation of PA-GFP fused to histone H2A in a genome-edited HeLa Kyoto cell line, which was employed in all our experiments. We monitored photoactivation of PA-GFP-H2A by live-cell fluorescence microscopy at λ exc 488 nm. DNA damage was detected by immunofluorescence [6] . Prior to fixation, cells were incubated for 5 min at the microscope stage (37°C, 5% CO 2 ). We detected DNA photoproducts, in this case cyclobutane pyrimidine dimers (CPDs), with a primary antibody directly recognizing the lesion. For DNA strand breaks, we relied on an antibody specific for the phosphorylated form of the histone variant H2AX (γH2AX) [14] . Individual cell nuclei were irradiated with laser pulses at the different wavelengths by point-scanning the fs laser on a 4.6-μm-long line path subdivided into 52 pixels. A single irradiation scan lasted 4.68 s, corresponding to a pixel dwell time of 90 ms. Cells were imaged using the transmitted light detector of the microscope to position the nuclei in the center of the field of view. Care was taken to avoid irradiating nucleoli or the nuclear membrane. Immunostaining procedures and image acquisition settings were kept strictly constant.
Our data show that the three biological endpoints analyzed can be induced in a wavelength-selective manner (Fig. 3) . We observed strong signals from the CPD-specific labeling only after irradiation with optical pulses at λ c 515 nm [P avg 180 uW, Fig. 3(a) ]. Photoactivation of PA-GFP-H2A was selectively achieved using pulses at λ c 775 nm (P avg 2 mW) without noticeable DNA damage [ Fig. 3(f ) ]. Finally, induction of DNA strand breaks was very effective at λ c 1035 nm (P avg 13 mW) as indicated by the strong presence of γH2AX [ Fig. 3(k) ]. In each channel, fluorescence intensity profiles along the irradiation path revealed a discontinuous signal pattern, most likely reflecting local variations of the structure and density of the underlying chromatin (Fig. 4) . The CPD-and GFP-specific signals are restricted to the irradiated region. In contrast, γH2AX formation extends beyond the actual irradiated line and gradually decreases at its edges (shaded regions in Fig. 4 ). This behavior is consistent with the current knowledge on H2AX phosphorylation propagating over hundreds of Mbases [14] . A quantitative analysis of the fluorescence signals based on a 4.8 μm × 0.8 μm region of interest revealed a 40-fold (20-fold) higher efficiency of CPD induction at λ c 515 nm as compared to λ c 775 nm (1035 nm). Conversely, photoactivation of PA-GFP-H2A was negligible at λ c 515 nm and λ c 1035 nm but very efficient at λ c 775 nm, yielding a 75-fold and 25-fold higher photoconversion rate, respectively. Induction of DNA strand breaks was strongest at λ c 1035 nm and negligible at λ c 775 nm (approx. 20-fold weaker).
Interestingly, we observed signals of γH2AX also after irradiation at λ c 515 nm, although they were less intense by a factor of 5 in comparison to λ c 1035 nm. We interpret this response in terms of a secondary biological reaction arising from the DNA repair process itself, rather than from direct, irradiationdependent DNA breakage. In fact, the pathway of nucleotide excision repair responsible for the removal of CPDs includes an incision step, which transiently generates strand breaks [15] . This step cannot be resolved by immunofluorescence analysis, but time-resolved live-cell experiments using this setup strongly support our interpretation (manuscript in preparation).
The fs laser system presented here stands out for offering well-defined and precisely adjustable pulse parameters, which are a prerequisite for the quantitative investigation of biological questions. Comparative analyses of the activity of DNA repair protein mutants in living cells will highly benefit from this technology (see, e.g., [16] ). A high level of customization and control is also crucial for fundamental studies on the photophysical mechanisms underlying fs irradiation mediated DNA damage. Systematic analysis of the dependence of CPDs versus formation of DNA strand breaks on pulse parameters will lead to significant insights into the competing processes of nonlinear photochemistry and low-density plasma formation in the cell nucleus. As demonstrated here for the case of DNA damage and fluorescence photoactivation, selectivity for a desired photoreaction can be achieved through a wellbalanced interplay of wavelength, peak intensity, and pulse repetition rate. Fs laser sources thus bear high potential for selective photomanipulation approaches for the targeted, noninvasive control of cellular process with high spatiotemporal resolution. Fig. 3 . P avg is set to 180 μW at 515 nm (green curves), to 2 mW at 775 nm (red), and to 13 mW at 1035 nm (black). Intensity is normalized to the maximum value. The shaded regions indicate nonirradiated regions. Dotted lines correspond to the average signal intensity in a 3.8 μm × 3.8 μm region of interest.
